abstract. Establishing continuous and reliable colonies of pestparasitoid systems in the laboratory is an essential requirement for carrying out manipulative experiments on biological control. Here we describe in detail the rearing protocols that we optimized for the efficient rearing of the cabbage moth Mamestra brassicae and its key parasitoid Microplitis mediator.
IntroductIon
The cabbage moth Mamestra brassicae (Linnaeus, 1758) (Le pi doptera: Noctuidae) is widely distributed throughout Asia and Europe (Johansen, 1997 ) and one of the major pests of cabbage in Europe (Finch & Thompson, 1992) . Its polyphagous larvae feed mainly on cabbage (Brassica oleracea L., Brassicaceae) and other plants in the genus Brassica, but also on tomato, beet, on ion and some flowers and forest trees (Hill, 1987) . The larvae of M. brassicae are attacked by braconid wasps (Johansen, 1997) , among which the solitary larval parasitoid, Microplitis mediator (Haliday, 1834) (Hymenoptera: Braconidae), is the most impor tant (Bianchi et al., 2005; Lauro et al., 2005) . It is a generalist endoparasitoid that is reported from approximately 40 different noctuid hosts (Mir Khan, 1999) .
Establishing continuous and reliable colonies of these two species in the laboratory is important for biological control pur poses. Firstly, a regular supply of M. brassicae and M. mediator is necessary to conduct experiments on these species in order to determine how to promote M. mediator and so reduce the abun dance of M. brassicae (Pfiffner et al., 2003; Bianchi et al., 2005; Lauro et al., 2005; Luo et al., 2010; Géneau et al., 2012; Belz et al., 2013; Géneau et al., 2013) . Secondly, mass rearing of M. mediator is a prerequisite for inundative releases. There are earlier reports on how to rear M. brassicae (Agui et al., 1975; Hattori & Atsusawa, 1980; Browning & Oatman, 1985) , M. mediator (Li et al. 2006 ) and other species of Microplitis (Powell & Hart ley, 1987; Herard et al., 1988; Greany et al., 1989) , which have helped us develop rearing protocols for these species. Here, we present the details of the rearing protocols we have adapted and optimized for our needs and hope other researchers will benefit from our experience.
Protocol for rearIng MaMestra brassicae
The laboratory colony of M. brassicae at FiBL (Frick, Switzer land) was established using field-collected larvae to which annu ally 200 new field-collected larvae were added in order to reduce the incidence of the adverse effects due to inbreeding. The colony was kept in a climate chamber at 23 ± 2°C, 60 ± 10% r.h. and un der a 16L : 8D photoperiod.
Freshly emerged adults of both sexes of M. brassicae were transferred into a transparent acrylic "egg-laying cylinder" (24 cm in diameter and 23.5 cm heigh) (Fig. 1) . The bottom of this cylinder consisted of a cardboard disc fixed to the cylinder by an L-shaped aluminium ring (1 cm width, 1 cm height) that fits around the cylinder. The cardboard disc was covered by a plas tic sheet and paper towels to ensure impermeability and absorp tion of excess humidity. The top of the cylinder was covered by a sheet of green paper fixed by another aluminium ring. The moths laid eggs on two green paper sheets (A3, 29.7 cm × 42 cm) that covered the inside of the cylinder. The moths were provided with honey and water via rolled up filter papers (9 cm diameter, Mach erey-Nagel GmbH & Co. KG, Düren, Germany) inserted through 1 cm holes in the lid of a Petri dish (8 cm in diameter and 3 cm deep) filled with water. By means of a brush a drop of honey was placed on the top of each rolled up filter paper. Two Petri dishes with five filter papers each were placed in each cylinder. The moths were transferred to clean egglaying cylinders every two to three days. To start a new generation (i.e. a complete generation from eggs to adult emergence), four clutches of fresh (i.e. less than 24 h-old) M. brassicae eggs with approximately 200 to 400 eggs per clutch collected from the green paper linning the transparent plastic "rearing tubes" (9 cm in diameter and 17 cm long) (Fig.  1) . The rearing tubes were each placed in a plastic dish (10 cm in diameter at the top, 8 cm in diameter at the bottom and 5 cm deep) Larvae of M. brassicae hatched four to six days after they were laid. Fourteen days after egg laying, batches of 16 larvae were transferred to new rearing tubes to reduce the competition be tween the larvae (Fig. 1) . These tubes do not need to be sealed as the larvae are now too big to escape. A metal grid (4 cm × 8 cm) was placed across the opening of the rearing tube, under the food dish, and a strip of cellular foam (approximately 23 cm × 5 cm) fixed to the grid with staples so that it touched the wood shavings. The cellular foam helps the larvae climb onto the grid to access the diet, which is particularly important from instar III onwards when the larvae are too heavy to climb up the walls of the rearing tubes. The number of rearing tubes depends on the number of larvae needed for experiments.Twentyone to 25 days after the eggs were laid the dirty top layer of wood shavings was removed. A piece of filter paper with an approximately 45° triangle cut out of its centre was placed on the wood shavings and approximately 1 cm layer of fresh wood shavings spread over it. This allows the larvae to dig into the wood shavings under the filter paper for pupation while being protected from the faeces of the larvae that are still feeding.
The pupae were collected from all of the rearing tubes 32 to 36 days after the eggs were laid and placed in an "eclosion contain er" (24 cm in diameter and 8 cm high) ( Fig. 1 ), which consisted of two transparent plastic dishes held together by a twosided T shaped aluminium ring (24.5 cm in diameter × 1 cm wide × 2 cm deep). The top dish served as the lid. The pupae were placed in the bottom plastic dish in 3 layers of 50 to 60 pupae each sepa rated by and covered by a layer of wood shavings, so that all the pupae are properly buried. The larvae that did not pupate were left in the rearing tubes for one more week. At FiBL, the percentage pupation was approximately 73%. Adult moths started to eclose approximately 14 days after pupation. The eclosion success of M. brassicae pupae was approximately 72%. Newly eclosed moths were transferred to an egglaying cylinder. Water (without honey) was provided as described above and renewed as needed. The eclosion containers were checked and cleaned with a paper towel to remove singly laid eggs and then stood in 2 cm of soapy water in order to prevent mites entering the containers.
The pupae of M. brassicae can be stored at 4°C for many months in either sterilized soil or wood shavings covered with filter paper. When wood shavings are used the container must be sealed with Parafilm to avoid desiccation. After four to six months of storage, 70.03 ± 3.06% of the pupae were still alive, i.e. exhibited some abdominal movements when gently squeezed with insect forceps (n = 17 generations and a total of 2005 pupae). Moths emerged from approximately 85% of the pupae.
All materials were washed in soapy water and sprayed with 70% ethanol after use, with the exception of the egg-laying cylin ders, which were not sprayed with ethanol as it causes the acrylic glass of the cylinders to crack. Most of the time was spent trans ferring larvae to new rearing tubes, adding filter paper after re moval of the dirty wood shavings and collecting pupae. Process ing 20 new rearing tubes per week adds approximately 45, 60 and 60 min, respectively, to the work load.
rearIng Microplitis Mediator on Hosts fed on caBBage
Parasitoids were reared on M. brassicae larvae fed on white cabbage Brassica oleracea L. var. capitata L. (Brassicaceae) in a climate chamber at 23 ± 1°C, 50 ± 15% r.h. and under a 16L : 8D photoperiod. Cabbage plants were grown from seeds at 21 ± 2°C, 50 ± 15% r.h. and under a 12L : 12D photoperiod in trays (33 cm × 51 cm) of soil (einheitserde Classic, Gebrüder Patzer GmbH & Co.KG, Germany) fertilized with 3 g/L of Tardit 3M (Hau ert HBG Dünger AG, Switzerland). After three to four weeks the plants were transplanted into pots (12 cm diameter, 10 cm height) containing soil and the same amount of fertilizer and transferred to a greenhouse. Three to four weeks after transplantation the then 11 to 15leaf stage plants were used as food for M. brassicae larvae. The youngest larvae were placed on the youngest cabbage plants with the thinnest leaves.
To produce a cohort of parasitoids eight recently laid clutches of eggs of M. brassicae were pinned onto the underside of the leaves of four cabbage plants, which in our case amounted to ap proximately 1400 eggs per cage. The plant pots were placed in a plastic dish, so that they could easily be watered from below, and then in an insect rearing cage (47.5 cm × 47.5 cm × 47.5 cm, Bug Dorm-44545F, MegaView Science Co., Taichung, Taiwan). Any water spilt was absorbed by paper placed under the plastic dish. The Mamestra brassicae larvae hatched after five days. Approxi mately 30 females and 15 males of M. mediator (twoday to one weekold) were added to each cage on the day the M. brassicae larvae hatched, or one day before because this parasitoid para sitizes the youngest larvae with the highest efficiency (Géneau et al., 2012) . A paper towel spread with honey was suspended from the top of the cage and sprayed with water to ensure that the para sitoids survived long enough to parasitize the larvae. Three days later the paper towel was removed.
Between 7 and 10 fresh cabbage plants were added as needed over a period of 11 days following parasitization, which is when the parasitoid larvae were about to pupate. Cabbage plants were only watered for 11 days after parasitization in order to prevent the material in the cage becoming very wet when the parasitoids pupated.
The pupae of M. mediator were collected by hand or with the aid of insect forceps 18 days after parasitisation, when the entire cage was checked systematically. They were carefully removed from the substrate and transferred to an open Petri dish in a rear ing cage in which there was an ad libitum supply of honey wa ter. The honey water was in a small vial (4.5 cm diameter, 4 cm height) and prepared by mixing approximately three grams of honey with 25 ml of water. The vials were replaced every two to three days to prevent fermentation and mould developing. A rolled up filter paper was inserted through a 0.5 cm hole pierced in the lid of each vial.
We conducted an experiment to determine whether the rearing efficiency (i.e. the number of M. mediator pupae collected per M. brassicae egg exposed) could be increased by decreasing the Fig. 2 . Comparison of the mean (± Se) number of pupae of Microplitis mediator collected from cages in which the initial numbers of Mamestra brassicae eggs were either 600, 900 or 1400. Columns with different letters differ significantly from each other (linear model, p < 0.01).
number of M. brassicae eggs in each cage. We placed either 600, 900 or 1400 eggs of M. brassicae in each cage and determined the number of pupae of M. mediator that developed (n = 10 cages for each initial number of eggs). The mean numbers (± Se) of pupae that developed were 199.2 ± 27.3 in the 600 egg treatment, 342.4 ± 31.7 in the 900 egg treatment and 332.8 ± 40.6 in the 1400 egg treatment (Fig. 2) , which in terms of percentage parasitism and pupation are 33.2 ± 4.6%, 38.1 ± 3.5%, and 22.9 ± 2.6%, re spectively, in the three treatments. Comparison of the numbers of pupae collected in the different treatments using linear model in r 2.13.2 (r Development Core Team, 2005) revealed that there were significant differences between the 600 egg treatment and the two other treatments (900 eggs: t = 3.006, df = 27, p = 0.0057 and 1400 eggs: t = 2.805, df = 27, p = 0.0092), but not between the 900 and 1400 egg treatments (t = 0.202, df = 27, p = 0.8418) (Fig. 2) , indicating that the highest efficiency measured in terms of number of pupae collected per egg exposed was achieved with 900 eggs.
At 23 ± 1°C, adult parasitoids started to emerge from the pupae one to two days after they were collected. At FiBL, the mean per centage emergence was approximately 96% and mean percent age that were female was 50%. The pupae of M. mediator can be stored for a few days at 10 to 12°C to delay emergence of adults. Newly emerged parasitoids were collected regularly using a D cell vacuum insect aspirator (MX-991/U, Hausherr's Machine Works, Tom rivers, NJ, U.S.A.), placed in a small rearing cage (24.5 × 24.5 × 24.5, Bugdorm-42222F, MegaView Science Co., Taichung, Taiwan) in an incubator at 12 ± 1°C, 60 ± 2% r.h. under a 16L : 8D to decrease their metabolic activity and increase their lifespan. During the first week, they were provided with honey water ad libitum to ensure that they were well fed before being used in parasitization experiments. The remaining parasitoids were kept as stock in an incubator until they died. They were provided with water (using the same kind of vial and filter paper as in the honey water treatment) and 3 to 5 ml of jellied honey in a small plastic dish. Parasitoids are less able to ingest jellied honey, but it has the advantage of lasting for weeks. Jellied honey is prepared by mixing 3 g of white gelatine (Dr Oetker AG/SA, Obergösgen, Switzerland) with 100 ml of distilled water and then slightly heating this solution and adding 200 g of honey. This mixture is poured into syringes (to facilitate dispensing) and kept in a refrigerator at 4°C until required.
The transplanting of cabbage plants and the collection of pupae took up most of the time. At a production rate of 15 cabbages per week the transplanting of the cabbage plants took about one hour. It took approximately 1.5 h per cage to collect the pupae.
rearIng of Microplitis Mediator on Hosts reared on artIfIcIal dIet
We developed a protocol for rearing M. mediator on M. brassicae fed on the same artificial diet as used to rear M. brassicae. However, rearing them in this way was not continued for very long so it is not possible to judge whether rearing them in this way would affect the behaviour of adult M. mediator, as is re ported for another parasitoid (Bautista & Harris, 1997; Gandolfi et al., 2003) .
This rearing was done under the same environmentsl condi tions as the rearing on cabbage. A recently laid clutch of 30 M. brassicae eggs was put in a small "parasitization vial" (4.5 cm in diameter and 4 cm long) with a 1.5 cm diameter hole in the lid to facilitate air exchange. Another 1.5 cm diameter hole pierced in the side of the parasitization vial had inserted and glued into it a little flexible plastic tube (1.5 cm in diameter and 1.5 cm long), so that 1 cm of the tube protruded from the side of the vial. The opening of the tube was closed by inserting an Eppendorf tube (1 cm in diameter and 4 cm long) into it. A layer of artificial diet (ap prox. 1 cm deep) was poured into the parasitization vial, which was then inverted so that the artificial diet was at the top of the vial. A piece of paper towelling was placed between the vial and the lid to prevent the larvae from escaping and absorb excess hu midity.
The eggs of M. brassicae in the parasitization vials took five days to hatch after which four twoday to oneweek old adults of M. mediator (two females and two males) were introduced into each vial through the plastic tube inserted in the side of each vial. The opening of the tube was closed after all the parasitoids en tered the vial. Small vials were used to ensure that the female parasitoids were able to find all the larvae and maximize the per centage parasitism, a technique that was developed in a previous study (Géneau et al., 2012) .
Two days after parasitization, the larvae of M. brassicae were transferred to a modified rearing tube (see Mamestra brassicae rearing protocol), the bottom of which consisted of paper towel ing fixed to the tube by a rubber band instead of a plastic dish filled with wood shavings. Wood shavings are not needed because the larvae of M. brassicae do not pupate but continue to develop until the parasitoid larvae pupate 16 days after transfer to the rear ing tube. The pupae were collected as described when they were reared on cabbage. The mean number of pupae collected per tube was 7.7 ± 1.6, which represents a percentage parasitism and pupa tion of M. mediator of 25.5 ± 5.4%.
dIscussIon
The percentage of eggs of M. brassicae that hatched and of the larvae that pupated and gave rise to adults were all very high. The use of the rearing tubes made it possible to produce large numbers of individuals in a relatively limited space. By limiting the con tact the larvae have with faeces decreased the risk of their being adversely affected by the mould that developed on the faeces and separating the larvae into several rearing tubes also limited the potential spread of diseases as contaminated tubes were put to one side or discarded. The use of an artificial diet resulted in a con si derable saving in time as fifth instar larvae consume large amounts of food. A problem with this approach is that it could in fluence the behaviour of adult moths as the choice of an oviposi tion site by Spodoptera littoralis (Boisduval, 1833) (Lepidoptera: Noctuidae) is influenced by the plant on which the larvae devel oped (Shikano & Isman, 2009 ) and the host searching ability of adult females of some parasitoid species is affected when they are reared on an artificial diet (Bautista & Harris, 1997; Gandolfi et al., 2003) . Thus, it is important to determine whether M. brassicae reared on an artificial diet behave differently if they are to be used in behavioural studies. In our case they were reared on an artificial diet because we only needed eggs for exposing to natural enemies in the field or adults for determin ing their fecundity when fed on different wild plants (Géneau et al., 2012) .
The M. mediator were reared on hosts fed on cabbage because we used the adult parasitoids for behavioural studies (Belz et al., 2013) . But as it is possible to rear parasitoids in hosts fed an artifi cial diet this could be a good starting point for developing a mass rearing technique for M. mediator. If the aim is to use M. mediator as a biological control agent in the field, its behaviour when reared on M. brassicae fed on artificial diet should be critically investigated, because any decrease in the host searching ability of female parasitoids is undesirable.
Greater efficiency in rearing the parasitoid than M. brassicae is more difficult to achieve. The percentages that pupated were quite low, whatever the diet or protocol used. Our results indicate that the use of intermediate numbers of eggs of M. brassicae results in a higher percentage of larvae pupating. The low percentage pupation recorded for M. mediator in the treatment in which 1400 M. brassicae eggs were exposed to parasitization by 30 females of M. mediator might indicate that the total number of larvae they could parasitize was limited by the number (900) of eggs they could lay or the mortality of the M. brassicae larvae developing from the 1400 eggs was higher. The percentage parasitism might be increased by introducing more female M. mediator into the cages, but this could also lead to increased intra-specific competi tion between females (Greenberg et al., 1995) , increased mortal ity of the M. brassicae larvae and decreased emergence of adult parasitoids (Shepard & Gale, 1977) . Despite the low percentage pupation recorded for M. mediator the number of pupae collected at the end of each generation was always sufficient for our experi ments.
In conclusion, our rearing of M. brassicae and M. mediator proved to be reliable over the course of many years and easy to adjust so that the production met our needs by changing the num ber of generations initiated each week.
